Recent developments on the experimental infrastructure and the acquisition of new detectors on the Dutch-Belgian beamline BM26B at the ESRF offer novel and promising possibilities for synchrotron X-ray experiments in the field of polymer crystallization under processing-relevant conditions. In this contribution, some of the most recent experiments mimicking conditions similar to those relevant for the plastics processing industry are discussed. Simultaneous thermal analysis and wide-angle X-ray scattering (WAXS) experiments, at the millisecond time-frame level, on -nucleated isotactic polypropylene (i-PP) samples subjected to ballistic cooling up to 230 K s À1 , show that the efficiency of the nucleating agent can be suppressed when quenched cooling rates higher than 130 K s À1 are used. In situ WAXS experiments using small-scale industrial equipment during a real film blowing process reveal the dependence of the onset of crystallinity (the so-called freeze line) and the crystal orientation as a function of different take-up and blow-up ratios. In situ small-angle X-ray scattering (SAXS) experiments during high-flow fields reveal the formation of shish and kebab structures in i-PP as a function of the imposed stress. Quantitative analysis of i-PP flow-induced structures is presented. The beamline specifications required to obtain high quality and industrially relevant results are also briefly reported. Recently, we reported for the first time real-time ultrafast WAXS measurements of mesophase structuring during research papers Giuseppe Portale et al. Polymer crystallization studies at DUBBLE 1683 Figure 1
Introduction
The development in polymer science with respect to the manufacturing of materials has been impressive over recent decades. The improvement of polymer catalysts has lead to the production, at industrial scale, of polymers in which the molecular features can be accurately designed and controlled: from the inclusion of specific co-monomer units, to the precise control of the chain architecture and molecular weight. However, the control over the synthesis of polymer molecules has only partially been paralleled by tailoring the final product performances. Indeed, the mechanical performances of polymeric products (i.e. thermoplastics) are mostly dictated by the morphology and the structure developed during the crystallization process.
Polymer crystallization has been extensively investigated since the early 1960s (Keller, 1957; Keller & Machin, 1967) . At present, the basic rules and the kinetics that govern polymer crystallization under ideal conditions have been characterized to a large extent (Norton & Keller, 1985; Armitstead et al., 1992; Keller et al., 1993; Strobl, 2000 Strobl, , 2006 . However, polymer crystallization under industrial processing conditions is far from the ideal circumstances encountered in the laboratory environment. The production of polymeric materials is performed by technological processes involving polymer melting, commonly at elevated temperatures, at which the material becomes a viscous fluid. The fluid is subsequently constrained to flow through more or less geometrically complex dies and finally subjected to a cooling step to consolidate the desired shape, morphology and structure. The industrial processes are usually conducted at high speeds in order to achieve the maximum productivity, leading to a dramatic decrease of the polymer temperature at quenching rates that ranges from a few tens up to several hundred kelvin per second. In addition to extremely rapid cooling, simultaneously high stresses are also imposed during flow, resulting in shear or elongational molecular deformation and eventually chain orientation along the flow direction. During injection molding, for example, the polymer is melted in an extruder and subsequently injected into a cold mold, where it solidifies and acquires the mold shape. The particular thermomechanical history to which the polymer melt is subjected determines the formation of complex skin-core morphologies, where the formation of mesomorphic, highly oriented/highly crystalline and isotropic structures occurs simultaneously (Kantz et al., 1972; Katti & Schultz, 1982) . The crystallization behavior under industrial conditions is rather different from that observed in the usual laboratory practice and the final structure differs substantially from the classical hierarchical spherulite/lamellae morphology found when a polymer is crystallized under quiescent conditions (Janeschitz-Krieg, 2009).
Understanding the mechanism and kinetics of formation of such complex structures using industrial processing-relevant conditions is of importance in order to enhance the control of plastics shaping in the polymer industry and, thus, to correlate the academic results to the industrial reality.
Currently, X-ray polymer processing investigation usually relies on the 'post-mortem' inspection of samples collected at the end of the production process by sophisticated experimental techniques (Wenig & Herzog, 1993; Muller et al., 2000; Davies et al., 2007) and mathematical modeling (Stribeck et al., 2002; Schroer et al., 2006) . Despite the scientific significance of the study of the effect of different processing conditions on the final product structure, it is more relevant for polymer industries to understand the structure development during polymer processing and in situ experiments are required. Attempts to perform online polymer processing experiments using synchrotron-based X-ray scattering experiments have already been conducted in the past two decades and ranged from simple crystallization experiments using differential scanning calorimetry (Bras et al., 1995) in combination with dedicated small/wide-angle X-ray scattering (SAXS/WAXS) beamlines (Bras et al., 1993) , to more complicated experiments where fiber spinning (Terrill et al., 1998; Kolb et al., 2000) or even reactive processing was used (Elwell et al., 1994) . However, previous SAXS/WAXS experiments have been limited to experimental protocols far from the industrial processing conditions as a result of the instrumental limitations. Modern synchrotron radiation beamlines in combination with the new generation of associated equipment such as fast and high dynamic range single-photon-counting detectors have facilitated the performance of experiments in more detail and with higher accuracy and, indeed, under conditions that are closely following the industrial practices.
On the Dutch-Belgian beamline at the European Synchrotron Radiation Facility (DUBBLE@ESRF), an extensive program has been set up to enable such experiments (Bras et al., 2003) . In this manuscript, we report recent results obtained on polymer crystallization under processing condi-tions. The first example is from in situ crystalline formation of nucleated isotactic polypropylene (i-PP) during ultrafast cooling. The second example shows how a pilot industrial film blower can be mounted in a synchrotron beamline and how the evolution of crystallinity and crystal orientation of a blown polyethylene film can be followed online as a function of different blowing conditions. Quantitative characterization of flow-induced precursors and the shish and kebab formation during in situ flow-induced crystallization of i-PP utilizing slit flow geometry with well characterized rheology are presented as the third example.
Materials and methods

Beamline description
The study of polymer crystallization in processing conditions at synchrotron sources requires beamlines that feature important technical parameters such as high photon flux, tunable beam size from a few millimetres down to a few micrometres, fast and efficient detectors with small readout times and large sensitive areas, flexibility of data acquisition software in order to implement complex sample environments, and a large space in order to accommodate large industrial equipment. The design criteria of the DUBBLE SAXS/WAXS beamline have been conceived to allow the performance of time-resolved experiments in situ in combination with hindering equipment. The beamline details are briefly described here.
The optical system of the beamline has been described extensively (Bras et al., 2003) , and here we give only a concise overview and discuss some of the extensions that we have recently implemented. The radiation source is a standard 0.85 Tesla ESRF dipole magnet, and a maximum of 2 mrad of the radiation fan can be used. The beamline with the standard optics can generate a photon flux of approximately 10 11 photons s À1 in a 300 Â 300 mm focused beam using sagittal and bent mirror focusing optics. The photon energy that can be used for simultaneous SAXS and WAXS experiments ranges from 5 to 20 keV. In particular, energies higher than 15 keVare useful for X-ray cells that feature, for instance, thick diamond windows (pressure cells and shear rheometers with high-pressure-driven flows). In order to have the same sensitivity for WAXS and SAXS, the same detector technology has been selected. The SAXS pattern is collected using a Pilatus 1M detector with sensitive area of 168.7 Â 179.4 mm. The WAXS pattern is intercepted with a linear Pilatus 300k detector with a sensitive area of 253.7 Â 33.5 mm (Kraft et al., 2009) . For both detectors the pixel size is 172 Â 172 mm. The absence of readout noise and dark current, a sharp pointspread function, and a high dynamic range ($one million counts per pixel) allow the acquisition of high quality data even at very short exposure time. The SAXS q range goes from 6 nm À1 down to 0.03 nm À1 , while the WAXS range goes from 12 up to 60 . An asymmetric entrance cone window has been designed for the SAXS vacuum tube in order to offer the research papers option of removing or minimizing the gap between SAXS and WAXS depending on the desired sample-to-detector distance.
Recently, two post-focusing systems have been installed in order to obtain a micrometre-sized beam. A Kirkpatrick-Baez (KB) mirror system has specifically been designed to conduct microfocus experiments with good low-angle resolution and low background. The system is optimized for producing a 15 Â 15 mm beam at a short KB-to-focal-point distance (0.8 m). The KB mirror system can be selected to perform microbeam SAXS/WAXS experiments on most of the synthetic polymers with a maximum SAXS resolution of about 30 nm. Moreover, the implementation of compound refractive lenses (Snigirev et al., 1996) permits a spot size of 30 Â 30 mm at long lenses-tofocal-point distances (7 m at 13 keV with 7 Be lenses) to be obtained. The compound refractive lenses system is particularly useful when the coherence length of the synchrotron source needs to be retained, and it is currently employed for microradian X-ray diffraction (XRD) experiments, enabling structures from hundreds of nanometres up to the micrometre scale (Petukhov et al., 2002) to be resolved.
In addition to the conventional transmission SAXS/WAXS experiments, an extra option for grazing-incidence SAXS (GISAXS) and grazing-incidence WAXS (GIWAXS) is under development. A GISAXS/GIWAXS setup has already been successfully used to study the structure of thin polymeric films (Renaud et al., 2012) and to monitor the structure formation during spin coating. However, in this manuscript we will discuss only experiments using the conventional transmission geometry.
As mentioned above, the beamline has been designed to accommodate large-scale sample environments intrinsic to polymer processing such as industrial drawing units, film blowing machines, melt extruders etc. The entrance cone of the SAXS vacuum pipe as well as the WAXS detector are mounted on a moving support that can be displaced in order to fit equipment with large lateral size (up to 1-2 m). Several complex sample environments have successfully been implemented, such as superconducting magnets (McCulloch et al., 2011; Siemianowski et al., 2012; Gielen et al., 2009) or even fuel and waste gas handling systems for controlled soot formation experiments (Gardner et al., 2005) .
The data acquisition software (SPEC or GDA; Ackroyd et al., 2008) is adapted to interface the control units of the sample handling systems. This is especially important for very fast experiments where the synchronization of the data acquisition with the sample parameters like pressure and temperature is of paramount importance to obtain interpretable quantitative results.
Results
3.1. Fast cooling thermo-WAXS analysis -the case for b-nucleated i-PP Crystallization of synthetic polymers has been extensively studied in recent decades, e.g. Mandelkern (1964) , Armitstead et al. (1992) and Reiter & Strobl (2007) . In general, isothermal crystallization experiments or non-isothermal crystallization with low to moderate cooling rates are utilized. However, in industrial processes cooling rates of the order of 100-1000 K s À1 are most frequently used. During fast cooling from i-PP, a mesomorphic phase with peculiar optical and mechanical properties is formed. This state is not found in slowly cooled samples or isothermally crystallized samples. Therefore understanding of structural formation of i-PP under rapid cooling is a key issue of technological relevance (Choi & White, 2000; Mileva et al., 2008 Mileva et al., , 2010 .
A convenient way to tackle the issue of materials' crystallization under fast cooling and, in particular, of their polymorphic behavior is through continuous-cooling transformation (CCT) diagrams. These diagrams are widely used in metallurgy to correlate the specific transformations occurring in the material with the imposed thermal history. Despite its benefits, the CCT approach has rarely been adopted for semicrystalline polymers: generally its application has been limited to slowly crystallizing materials or, equivalently, to fast crystallizing materials in the narrow range of low-cooling rates attainable with normal calorimetric instrumentation.
quenching for i-PP homopolymers and propylene/ethylene copolymers (Cavallo, Portale et al., 2010) . The whole cooling from the melt lasted a few seconds, with the structuring process taking place in fractions of a second. In particular, it has been shown that the introduction of randomly distributed ethylene co-units in the PP chain has a negative influence on the kinetics of both the phase and the mesophase formation. It is possible to deduce that chain defects are excluded not only from the ordered crystalline phase, but even from the more defective mesophase. However, the hindering of the crystal formation is less marked for the mesophase than for the phase and a prevalence of the more defective structure occurs at high cooling rates. These findings have been summarized in CCT diagrams clearly showing the effect of the co-units' content on the crystallization of PP-based copolymers .
A common industrial strategy to affect the crystallization of i-PP is the use of nucleating agents (Gahleitner et al., 2011) . Interestingly, some of the heterogeneous nucleants can also selectively promote the formation of a specific phase, such as the trigonal phase, which is particularly desired for its toughness (Varga, 1992 (Varga, , 2002 .
In this section, we show recent results obtained on real-time detection of crystalline phase formation during fast cooling in i-PP samples containing different nucleating agents.
The apparatus allowing for fast cooling experiments and the beamline setup scheme for the real-time SAXS/WAXS measurements during ultrafast cooling are shown in Fig. 1 .
The specimen consists of a thin polymer film wrapped in aluminium foil with an embedded -thermocouple. The sample is heated up to the melt state via a heating gun regulated by a temperature controller. Thermal quenching is performed by blowing compressed air nearly perpendicularly to both sides of the sample through two small hoses. The cooling rate can be varied either by regulating the flow rate of room temperature air (up to about 200 K s À1 ), or by using a pre-cooled gas. The temperature was recorded from thethermocouple by a fast data-logger (HP 34970 A), triggered by the detector TTL (transistor-transistor logic) pulses in order to obtain perfect synchronization of temperature and WAXD images. The first TTL pulse from the detector shuts down the heating gun and triggers the opening of the shield in front of the cooling air stream so that the cooling process starts.
Examples of actual time-resolved WAXS during fast cooling of samples containing different types and concentrations of nucleating agents are considered and reported in Fig. 2 .
Under these cooling conditions, i.e. about 130 K s À1 , the pure isotactic polypropylene crystallizes in a mixture of and mesomorphic phases Cavallo, Portale et al., 2010) , as deduced from the simultaneous presence of the monoclinic structure reflections together with two superimposed broad halos. The addition of a commercial nucleating agent (NA-11) without selectivity towards a particular crystalline modification accelerates the crystallization of the i-PP phase, which indeed occurs at earlier times/higher temperature with respect to the pure polymer (compare Figs. 2a and 2b) .
On the other hand, if a -selective nucleating agent is compounded with the polymer, even under fast-cooling conditions, the crystallization leads to the exclusive development of the trigonal modification (Varga, 2002) , in spite of the usual monoclinic structure (Fig. 2c) . By reducing the amount of the selective nucleating agent, both structures can develop concomitantly in comparable amounts (see Figs. 2c and 2d) .
In this latter case, a critical role is played by the undercooling, as seen in Fig. 3 , which presents room-temperature WAXS patterns of pure and -nucleated i-PP cooled at different rates.
Concerning pure isotactic polypropylene (Fig. 3a) , with increasing cooling rate the monoclinic phase is progressively replaced by the mesomorphic phase, which prevails in the sample for cooling rates above 200 K s À1 , as expected from CCT diagrams published previously . If a moderate quantity of -nucleating agent is present (Fig. 3b ) the outcome of polymorphic crystallization is different. At first, for relatively low cooling rates, the sample crystallizes in the trigonal form, characterized by the two diagnostic peaks of 2 around 14 and 17 . With increasing cooling rate, next to the above-mentioned trigonal modification, the phase develops. For cooling rates slightly above 100 K s À1 , the monoclinic phase is the predominant structure in the sample, even if some amount of form is still present. Finally, a substantial presence of mesophase can be detected at high cooling rates.
The behavior of i-PP containing a small quantity of nucleant can be understood by considering the distinct contributions of nucleation and growth of the different polymorphs. Indeed, it is known that the growth rate of crystals slightly overtakes the growth of the monoclinic phase just in a region of crystallization temperature between approximately 403 and 363 K (van Drongelen et al., 2012) . So far as nucleation is concerned, at low supercooling the overall nucleation density will be dominated by the purposely added heterogeneous nuclei. When the crystallization temperature is decreased, more and more naturally present nuclei will be active. Therefore, it is clear that if, by action of a faster cooling, crystallization occurs at temperatures below around 363 K, the growth rate of the phase will be higher than that of the form, and a sufficient number of -phase nuclei will also be present. As a result, an inversion of the sample final structure in favor of the phase will be observed.
Film blowing
The blown film extrusion process is largely used in the packaging industry for the production of polymer films. Both the conditions applied during the process and the molecular features of the semi-crystalline polymer resins determine the final microstructure and the mechanical properties of the product (Zhang et al., 2001) . The orientation state of the polymer chains is affected by the biaxial stretching of the film, i.e. by the rotational speed of the nip rolls in the machine direction, or by bubble inflation with respect to the crossmachine direction.
Most of the (micro) structural analysis reported in the literature is currently carried out post mortem on the processed films, typically by microscopy or spectroscopy methods. Recently, efforts to monitor the structure evolution during film blowing in real time have been made, using techniques such as small-angle light scattering (Bullwinkel et al., 2001) , Raman spectroscopy (Gururajan & Ogale, 2009) or X-ray diffraction using sealed tubes (Gururajan et al., 2008) . While the advantages of using commercial X-ray sources for structural analysis are evident, they still lack the collimation which is so beneficial when using synchrotron radiation. However, a challenge remains in combining a film blowing setup with a SAXS/WAXS synchrotron beamline, mostly because of size constraints imposed by the size of the processing unit of the pilot plant. The experimental hutch at DUBBLE allows for the installation of a medium-scale industrial film blowing setup, i.e. the Collin 180-400, and related extruder. Owing to the high-intensity signal of the X-ray source, structural analysis can be carried out in situ and at high frequencies, and because of the high collimation, the data quality is much enhanced compared with efforts using more conventional radiation sources. In this way, the fast acquisition of a large amount of data on a grid of different machine settings relevant for the processing conditions is completed within short periods of time.
Recently, we performed experiments in order to investigate the evolution of the crystallinity and the macromolecular chain orientation as a function of the distance from the die exit, for different processing conditions and multiple materials. This was realized by vertically moving the complete film blowing setup step-by-step using a hydraulic lifter. A scheme of the setup is displayed in Fig. 4 .
An example of data acquired on a commercial grade of lowdensity polyethylene (LDPE) supplied by Basell (Lupolen 3010D) is shown in Fig. 5 . Both the crystallinity and the FWHM of the 110 reflection evolution as a function of the distance from the exit die are displayed. The FWHM of the 110 reflection is a measure for the orientation of the crystal. Structure formation occurs moving along the bubble axis. Depending on the processing variables, namely take-up ratio and blow-up ratio, different distances from the die are needed to attain a given crystallinity level (freeze-line). Moreover, the orientation increases (lower FWHM) for higher stresses in the take-up direction.
Shear-induced crystallization using a slit rheometer
The application of flow (shear or elongation) can change drastically the crystallization kinetics and the morphology of semicrystalline polymers (Kumaraswamy et al., 2004; Somani et al., 2005; Kimata et al., 2007; Balzano et al., 2008) . Fibrillar precursors, composed of bundles of stretched molecules, are formed when some critical flow conditions are exceeded. These early structures drive the subsequent morphological development towards the formation of highly anisotropic shish-kebab crystallites. In processes such as fiber spinning, shish-kebabs are the dominant building block of the morphology and their alignment along the fiber axis leads to anisotropic mechanical properties. In injection molding, depending on the conditions, shish-kebabs can form close to the mold wall and thus affect the surface properties of the material (Fujiyama et al., 1988; Ogbonna et al., 1995) .
Due to the nanometer scale and (supposedly small) density contrast with the surrounding material, flow-induced precursors are ideally studied with time-resolved X-ray scattering. In this section, we show in situ experiments on the formation and the quantitative analyses of shish-kebabs in i-PP as a function of stress. The experiments are performed by shearing specimens in a slit with rectangular cross section (height 120 mm, width 6 mm and length 1.5 mm) equipped with diamond windows for in situ scattering experiments (see Fig. 6a ). Specimens are confined in the slit die between two servo hydraulically driven pistons and they are sheared when the two pistons are displaced in the same direction (upwards or downwards) (Mackley et al., 1995; Mackley & Spitteler, 1996) . Specimens can also be pressurized (up to 300 bar; 1 bar ' 10 5 Pa), by moving the two pistons towards each other, and this offers the unique opportunity to study the combined effect of shear and pressure on crystallization of polymers (Ma et al., 2012) . The slit geometry is such that the X-rays are Schematic overview of the film blowing setup at DUBBLE for in situ WAXS height scan during film blowing as realised by the hydraulic lifter.
Figure 5
Evolution of (a) crystallinity and (b) orientation as a function of distance from the die for two processing conditions. BUR is the blow-up ratio, TUR is the take-up ratio, and L and H stand for low and high BUR and TUR values used. The continuous lines are a guidelines for the eye. perpendicular to the shear direction. As typical for slit flows, the shear rate _ increases from the center ( _ = 0) of the sample to the wall ( _ = _ w ). When the rheology of the investigated polymer is known, the stress profile can be calculated from the shear rate profile and the value of the stress to the wall w is obtained (Macosko & Larson, 1994) .
The i-PP sample used has an average molecular weight of 365 kg mol À1 , a molecular weight distribution of 5.4 and a Fourier transform infrared spectroscopy-determined tacticity of 97.5%. Isothermal shear-induced crystallization experiments were carried out at 438 K, close to the nominal melting temperature of the sample (T m = 436 K from differential scanning calorimetry), using a short-term shear pulse protocol (Fig. 6b ). Selected two-dimensional SAXS images characteristic of the early and the late stages of crystallization as a function of wall stress w are shown in Fig. 7 . When w ! 0.12 MPa, immediately after the short shear pulse, an equatorial streak of intensity becomes clearly visible. Such a signal is related to the formation of flow-induced structures elongated in the flow direction. When w < 0.12 MPa, precursors are still formed but their aspect ratio is small and they dissolve back into the melt. Therefore, discarding the effect of varying shear time, a wall stress of 0.12 MPa is the critical flow condition for the formation of shish-kebabs in the material under investigation at 438 K.
The reciprocal space data provided by images of Fig. 7 can be transformed into real space by means of morphological models. Assuming that shishes and their precursors can be modeled as a dilute suspension of rod-like scatterers, the radius of the shishes can be calculated according to the Guinier law for rod-like structures. The scattered intensity can thus be written as
where s is the modulus of the scattering vector [s = (2/)sin, is the X-ray wavelength and is half of the scattering angle], I(0) is the pre-factor related to the electron density contrast and the concentration of the scatterers, and R c is the gyration radius of the cross section. The radius of the rod-like flowinduced structures can thus be obtained as ðR c Þ 1=2 and is about 30 nm. The length L of the rod-like flow-induced scatterers can be calculated using Ruland's model (Perret & Ruland, 1969 , 1970 Ruland, 1969) , according to which the azimuthal breadth of the equatorial streak (B obs ) is the sum of a contribution arising from the finite size of the scatterers (1/Ls) and a contribution arising from object misalignment (B or ): Two-dimensional SAXS images of i-PP crystallized after the application of a shear pulse and at different apparent wall stresses. For w = 0.19 MPa, the best fit of the Ruland model suggests that the average length of the scatterers is about 290 nm (Fig. 8b) .
After 120 s at 438 K, lamellae with normals parallel to the flow direction (kebabs) start to overgrow the shishes, giving rise to the meridional lobes in the SAXS images (see images collected at the late stages of crystallization in Fig. 7) . The Lorentz-corrected intensities obtained from the integration of the meridional lobes from Fig. 7 are reported as a function of time in Fig. 9(a) . The q* position of the first maxima of the I(q)q 2 intensity is related to the average value of long-period distance separating two adjacent lamellae (L p = 60 nm). The position of the maxima does not change in time, suggesting that, after nucleation, kebabs mainly grow in the radial direction and their thickness does not change with time. As shown in Fig. 9(a) , the first-and the third-order interference peaks are well resolved during the experiment, while the second-order peak has very low (or zero) intensity. As discussed by Schultz et al. (1978) , the ratio between the intensity of the first-order peak and that of the nth order peak is given by
This equation is plotted in Fig. 9(b) and indicates that, with the intensity ratio observed during our experiments, the thicknesses of the lamellae and of the amorphous layer are essentially the same. A thickness for the kebabs of about 30 nm is thus calculated.
Conclusions
In this contribution, we have illustrated some of the most recent experiments carried out at the DUBBLE beamline, dealing with polymer crystallization under industrial-processing-relevant conditions. In particular, three examples have been discussed: in situ WAXS experiments on -nucleated i-PP subjected to fast cooling, in situ WAXS during the film blowing process of LDPE and in situ SAXS development of shish-kebab morphology during flow-induced crystallization of i-PP. We have shown in the first example how the nucleating efficiency of a nucleant is suppressed when cooling rates higher than 100 K s À1 are used, as a consequence of the higher nucleation and growth rates of the phase with respect to the rates of the phase. In the second example, we have shown for LDPE how the shift of freeze-line position and the evolution of the crystal orientation as a function of the distance from the exit die can be followed by in situ WAXS during a real film blowing process. In the last example, a quantitative analysis of shish-kebab formation during flow-induced crystallization of i-PP at 438 K has been discussed. A critical stress of 0.12 MPa for the anisotropic morphology formation has been found. At stresses as high as 0.19 MPa, shishes with a diameter of 60 nm and a length of 290 nm have been formed.
The examples illustrated here are part of an extensive research program running between DUBBLE and different academic groups aiming to provide results on polymer crystallization relevant for synthetic polymer industries. These results are of great importance for the polymer industry in order to control the structure and morphology, and thus the mechanical properties, of the polymeric specimens at the end of the production processes. The three examples discussed above are illustrations of experiments that utilize complicated sample environments and which can now be carried out routinely and installed on the BM26B beamlines with a minimum amount of setting up time. Equipment for processing of polymers by, for instance, stretching/deformation is also extensively used. Moreover, the recently increasing relevance of 'green' chemistry has also given an incentive to develop a cell with which to probe reactive processing that can be carried out in supercritical CO 2 .
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